Abstract: Single-crystal sapphire (α-Al 2 O 3 ) is a hard and brittle material. Due to its highly crystalline nature, the fracture behavior of sapphire is strongly related to its crystal structure, and understanding the effects of crystal structure on the crack propagation of sapphire is essential for the successful application of this important material (e.g., as wafers in the electronics industry). In the present work, crack propagation that is induced by sequential indentation was investigated on the A-plane and C-plane of sapphire using a Vickers indenter on a micrometer scale. It was found that increasing indentation depth obviously increases the rate of crack propagation on the A-plane, but this effect is not so obvious on the C-plane because of the different slip systems induced by indentation on the different crystal planes of sapphire. Moreover, some parallel linear traces along the A-plane, which fracture with increasing indentation depth, are observed from the residual indentation on the A-plane. The fracture toughness of both A-plane and C-plane sapphire is smaller after indentation testing than that obtained using conventional testing methods. The subsurface damage was detected by transmission electron microscopy (TEM).
Introduction
Single-crystal sapphire (α-Al 2 O 3 ) is one of the hardest natural minerals (nine on the Mohs' scale) [1, 2] , and is widely used in industry, national defense, aerospace, and scientific research fields due to its superior chemical and physical properties [3, 4] . In particular, A-plane sapphire is used as the screen panels and keyboards of smart phones, and C-plane sapphire is employed as substrates in electronic devices. However, due to its brittleness and hardness, the processing of sapphire is challenging, and understanding the fracture and removal mechanisms of sapphire at variable scales is essential for the optimization of processing parameters.
Indentation testing is one of the most common methods that are employed for studying the deformation and fracture mechanisms of materials. The method yields valuable information on the fundamental processes of brittle fracture in covalent-ionic solids, and serves as a simple microprobe for determining material fracture parameters, such as the toughness and crack-velocity exponent [5] [6] [7] . Mao et al. [2] studied the elastic-plastic characteristics of the C plane of single-crystal sapphire by means of ultra-low nanoindentation loads using a Berkovich indenter with an indentation depth of less than 60 nm. Mao et al. [8] investigated the pop-in behavior and the mechanical properties of single-crystal sapphire vertically indented to its R-plane by nanoindentation using a Berkovich indenter. Bhattacharya et al. [9] studied the effect of loading rate on the nanohardness of sapphire. Numerous studies have investigated the nanomechanical properties of some other single-crystal materials [10] [11] [12] [13] . These studies have been predominantly conducted at the nanometer scale, which is more representative for precision machining. However, some processes occur at the micron scale. In particular, the scale of the material removal mechanism differs from that of precision machining. Numerous scholars have investigated the processing mechanisms of materials at the micron scale. Nowak et al. [14] addressed the singularity that was observed in the loading cycle of the indentation hysteresis loop for sapphire when deformed by a spherical indenter with a radius of 5 µm at a maximum load of 500 mN. Guillou et al. [15] studied the crack initiation and propagation of sapphire under contact fatigue conditions using the soft impresser technique. Haney et al. [16] conducted dynamic indentation experiments on C-plane and A-plane sapphire using a custom-made indentation system driven by a split Hopkinson bar. The results demonstrated that dynamic indentations result in shorter and less jagged cracks accompanied by increased localized spalling beneath each indentation site. Zhang et al. [17] studied the material removal mechanism and deformation features of C-plane sapphire in ultrasonic vibration-assisted scratch tests, and compared their results with those obtained in conventional scratch tests. Haney et al. [18] investigated crack interaction behavior due to two sequential static Vickers indentations on A-plane sapphire, and performed secondary indentations at various radial separations and angular positions around a primary indentation. Huang et al. [19] conducted nanoscratch tests at room temperature on M-plane sapphire under a ramp loading condition along a scratch length of 200 µm, with a scratch velocity of 1 µm·s −1 using a Berkovich indenter.
In previous research, indentation tests are typically single period loading-unloading tests, scratch tests, or tests conducted at a nanometer scale. However, the processes of crack initiation and growth could not be visually observed with increasing indentation depth, loading, and dwell period. In contrast, sequential indentation provides a number of material fracture characteristics, including the fracture mechanism and the processes of crack initiation and propagation, which promotes a much clearer evaluation of the fracture behavior of a material. Moreover, the crystal orientation has a significant influence on the mechanical properties of anisotropic materials. Investigating the mechanical anisotropy of materials is of great significance for improving the processing parameters of a material, and obtaining good surface quality and better design tools [20] [21] [22] .
The objective of the present work is to investigate the effect of crystal orientation on the crack propagation of A-plane and C-plane sapphire based on the application of sequential-loading-unloading indentation tests on the A-plane and C-plane, respectively. First, the hardness and elastic modulus were measured by nanoindentation. The force signals applied during the loading portion are analyzed. The surface morphology obtained by scanning electron microscopy (SEM) is evaluated. The crack fracture mechanisms obtained by sequential indentation tests on A-plane and C-plane sapphire wafers are then analyzed according to the surface morphology, residual indentation depths, fracture toughness, and crack propagation behavior. In addition, crack fracture models are proposed for the A-plane and C-plane individually, and the corresponding fracture behavior is elucidated. The subsurface damage was detected by transmission electron microscopy (TEM).
Experimental Procedures
Two samples were prepared from A-plane and C-plane sapphire substrates that were provided by Unionlight Technology Co., Ltd. (Wuxi, China), with dimensions 9 mm × 9 mm × 0.65 mm. These single crystals were oriented according to their c-axis or a-axis, and polished to a profile roughness parameter Ra < 0.3 nm to eliminate crystal defects and residual stress. Figure 1 presents a schematic of the A-plane and C-plane sapphire substrate orientations. The hardness and elastic modulus were measured. All the nanoindentation experiments were conducted using an indenter (Nani indenter G200, Keysight Technologies, Inc., Santa Rosa, CA, USA) equipped with a three-sided pyramidal Berkovich diamond tip at room temperature. The radius of the tip is 100 nm. The force and displacement sensitivities of the instrument are 50 nN and 0.01 nm, respectively. Indentations were performed under a peak indentation depth of 1000 µm for five times. For all of the nanoindentation tests, the loading and unloading times were 20 s and holding time was set as 10 s at the peak indent loads. Sequential indentation tests were conducted using a custom-fabricated indentation tester employing a Vickers diamond indenter with a displacement resolution of 50 nm. The chisel edge of the Vickers diamond indenter is less than 1 µm measured by scanning electron microscopy. A loading range of 0 to 40 N was employed. The contact condition of the indenter and the specimen was determined during dynamic tensile and compression testing by a single channel Kistler 9203 force sensor (Kistler, Winterthur, Switzerland) with a resolution of 0.01 N, a rigidity of 40 N/µm, a natural frequency of 27 kHz, and a maximum measurement capacity of 500 N. displacement sensitivities of the instrument are 50 nN and 0.01 nm, respectively. Indentations were performed under a peak indentation depth of 1000 μm for five times. For all of the nanoindentation tests, the loading and unloading times were 20 s and holding time was set as 10 s at the peak indent loads. Sequential indentation tests were conducted using a custom-fabricated indentation tester employing a Vickers diamond indenter with a displacement resolution of 50 nm. The chisel edge of the Vickers diamond indenter is less than 1 μm measured by scanning electron microscopy. A loading range of 0 to 40 N was employed. The contact condition of the indenter and the specimen was determined during dynamic tensile and compression testing by a single channel Kistler 9203 force sensor (Kistler, Winterthur, Switzerland) with a resolution of 0.01 N, a rigidity of 40 N/μm, a natural frequency of 27 kHz, and a maximum measurement capacity of 500 N. Samples were subjected to ultrasonic cleaning in alcohol at 50 °C prior to testing. Each sample was affixed onto the testing stage with paraffin. Sequential loading-unloading indentation tests were performed with the specifications that are listed in Table 1 . Figure 2 illustrates the sequential indentation test procedure. The indentation process consisted of loading, a dwell period under loading, and complete unloading. After indentation testing, the surface morphology of the indentations was obtained using a Phenom ProX desktop SEM, which employs backscatter imaging. The magnification range is from 80× to 45,000×, with a resolution of 25 nm. The acceleration voltages are 5 kV, 10 kV and 15 kV. The material of the filament is CeB6. The instrument is widely used in the fields of materials science, metallurgy, and semiconductor materials and devices. The residual depth of indentation and pile-up of material were measured by a Zygo NV7300-3D three-dimensional (3D) optical profiler. The instrument is capable of measuring sample roughness, step height, outline, and the key parts size of the sample with high precision and accuracy qualitatively and quantitatively. The longitudinal measurement range is from less than 1 nm to 20 mm, and the vertical resolution is 0.1 nm, which meets the requirements of our indentation measurements. Metro Pro software was employed to conduct filtering and surface reconstruction of the results. A cross-sectional TEM specimen was prepared using a focussed ion beam (FIB) in a FEI Helios NanoLab 600i installation. The microstructure of the TEM specimen was investigated by high-resolution TEM in a FEI TECNAI G2 F20 S-TWIN. Samples were subjected to ultrasonic cleaning in alcohol at 50 • C prior to testing. Each sample was affixed onto the testing stage with paraffin. Sequential loading-unloading indentation tests were performed with the specifications that are listed in Table 1 . Figure 2 illustrates the sequential indentation test procedure. The indentation process consisted of loading, a dwell period under loading, and complete unloading. After indentation testing, the surface morphology of the indentations was obtained using a Phenom ProX desktop SEM, which employs backscatter imaging. The magnification range is from 80× to 45,000×, with a resolution of 25 nm. The acceleration voltages are 5 kV, 10 kV and 15 kV. The material of the filament is CeB6. The instrument is widely used in the fields of materials science, metallurgy, and semiconductor materials and devices. The residual depth of indentation and pile-up of material were measured by a Zygo NV7300-3D three-dimensional (3D) optical profiler. The instrument is capable of measuring sample roughness, step height, outline, and the key parts size of the sample with high precision and accuracy qualitatively and quantitatively. The longitudinal measurement range is from less than 1 nm to 20 mm, and the vertical resolution is 0.1 nm, which meets the requirements of our indentation measurements. Metro Pro software was employed to conduct filtering and surface reconstruction of the results. A cross-sectional TEM specimen was prepared using a focussed ion beam (FIB) in a FEI Helios NanoLab 600i installation. The microstructure of the TEM specimen was investigated by high-resolution TEM in a FEI TECNAI G2 F20 S-TWIN. displacement sensitivities of the instrument are 50 nN and 0.01 nm, respectively. Indentations were performed under a peak indentation depth of 1000 μm for five times. For all of the nanoindentation tests, the loading and unloading times were 20 s and holding time was set as 10 s at the peak indent loads. Sequential indentation tests were conducted using a custom-fabricated indentation tester employing a Vickers diamond indenter with a displacement resolution of 50 nm. The chisel edge of the Vickers diamond indenter is less than 1 μm measured by scanning electron microscopy. A loading range of 0 to 40 N was employed. The contact condition of the indenter and the specimen was determined during dynamic tensile and compression testing by a single channel Kistler 9203 force sensor (Kistler, Winterthur, Switzerland) with a resolution of 0.01 N, a rigidity of 40 N/μm, a natural frequency of 27 kHz, and a maximum measurement capacity of 500 N. Samples were subjected to ultrasonic cleaning in alcohol at 50 °C prior to testing. Each sample was affixed onto the testing stage with paraffin. Sequential loading-unloading indentation tests were performed with the specifications that are listed in Table 1 . Figure 2 illustrates the sequential indentation test procedure. The indentation process consisted of loading, a dwell period under loading, and complete unloading. After indentation testing, the surface morphology of the indentations was obtained using a Phenom ProX desktop SEM, which employs backscatter imaging. The magnification range is from 80× to 45,000×, with a resolution of 25 nm. The acceleration voltages are 5 kV, 10 kV and 15 kV. The material of the filament is CeB6. The instrument is widely used in the fields of materials science, metallurgy, and semiconductor materials and devices. The residual depth of indentation and pile-up of material were measured by a Zygo NV7300-3D three-dimensional (3D) optical profiler. The instrument is capable of measuring sample roughness, step height, outline, and the key parts size of the sample with high precision and accuracy qualitatively and quantitatively. The longitudinal measurement range is from less than 1 nm to 20 mm, and the vertical resolution is 0.1 nm, which meets the requirements of our indentation measurements. Metro Pro software was employed to conduct filtering and surface reconstruction of the results. A cross-sectional TEM specimen was prepared using a focussed ion beam (FIB) in a FEI Helios NanoLab 600i installation. The microstructure of the TEM specimen was investigated by high-resolution TEM in a FEI TECNAI G2 F20 S-TWIN. Figure 3 shows the total of the load-displacement (P-h) curves of the indented (a) A-plane and (b) C-plane during nanoindentation. It is obvious that multiple displacement discontinuities or pop-in events occur during loading. The load corresponding to the first pop-in event is defined as the critical indentation load P (see inset in Figure 3 ). The width of pop-in extension is due to the slip of activated dislocation. According to the nanoindentation, the load of pop-in for A-and C-plane sapphire is from 0.6-1.3 mN, and the indentation depth of pop-in is from 26 nm to 46 nm. The value of E is 487.4 ± 3.1 GPa for A-plane sapphire and 534.3 ± 6.5 GPa for the C-plane measured, and the values of H measured are 32.99 ± 1.27 GPa (A-plane) and 29.36 ± 1.80 GPa (C-plane) at the indentation depth from 100 nm to 200 nm. According to the nanoindentation experimental results, hardness of C-plane sapphire obviously exhibits the indentation size effect (ISE), and the hardness is larger at the ISE region than which at the non-ISE region. The ISE region is to 50 nm. When the indentation depth is less than 50 nm, the value of H for A-plane sapphire is smaller than that of the C-plane. Figure 3 shows the total of the load-displacement (P-h) curves of the indented (a) A-plane and (b) C-plane during nanoindentation. It is obvious that multiple displacement discontinuities or pop-in events occur during loading. The load corresponding to the first pop-in event is defined as the critical indentation load P (see inset in Figure 3 ). The width of pop-in extension is due to the slip of activated dislocation. According to the nanoindentation, the load of pop-in for A-and C-plane sapphire is from 0.6-1.3 mN, and the indentation depth of pop-in is from 26 nm to 46 nm. The value of E is 487.4 ± 3.1 GPa for A-plane sapphire and 534.3 ± 6.5 GPa for the C-plane measured, and the values of H measured are 32.99 ± 1.27 GPa (A-plane) and 29.36 ± 1.80 GPa (C-plane) at the indentation depth from 100 nm to 200 nm. According to the nanoindentation experimental results, hardness of C-plane sapphire obviously exhibits the indentation size effect (ISE), and the hardness is larger at the ISE region than which at the non-ISE region. The ISE region is to 50 nm. When the indentation depth is less than 50 nm, the value of H for A-plane sapphire is smaller than that of the C-plane. Figure 4 shows the loading curve obtained during sequential indentation testing at a maximum indentation depth of 8 μm and a maximum load of 4.65 N on A-plane sapphire. The loading curve presents a stepwise increase in force during the loading stage and a stepwise decrease in force during the unloading stage. As shown in Figure 3 , the sequential loading curve presents 16 force increments in total, corresponding to an indentation depth interval of 0.5 μm. It should be noted that only 12 intervals were obtained during the sequential unloading portion, which indicates that the plastic deformation of sapphire was about 4 intervals (2 μm). As shown in the inset of Figure 3 , as obtained after low pass filtering at a frequency of 50 Hz, the force drops immediately when first applied due to the application of a stress level that exceeds the ultimate strength of the material. This can be correlated with the release of stress by crack initiation on the sapphire substrate. Then, the force declines slowly during the dwell period. According to the fracture behavior of brittle solids proposed by Lawn [23] , rebound occurs during the unloading stage at the elastic deformation zone, Figure 4 shows the loading curve obtained during sequential indentation testing at a maximum indentation depth of 8 µm and a maximum load of 4.65 N on A-plane sapphire. The loading curve presents a stepwise increase in force during the loading stage and a stepwise decrease in force during the unloading stage. As shown in Figure 3 , the sequential loading curve presents 16 force increments in total, corresponding to an indentation depth interval of 0.5 µm. It should be noted that only 12 intervals were obtained during the sequential unloading portion, which indicates that the plastic deformation of sapphire was about 4 intervals (2 µm). As shown in the inset of Figure 3 , as obtained after low pass filtering at a frequency of 50 Hz, the force drops immediately when first applied due to the application of a stress level that exceeds the ultimate strength of the material. This can be correlated with the release of stress by crack initiation on the sapphire substrate. Then, the force declines slowly during the dwell period. According to the fracture behavior of brittle solids proposed by Lawn [23] , rebound occurs during the unloading stage at the elastic deformation zone, and the residual stress plays a leading role in the formation of lateral cracks. In the inset, the force decreases only slightly during the dwell period at the first loading, which indicates that the initially formed crack extends very little over this period. During subsequent loading, the force initially continues to decrease slowly, but, with an increasing indentation depth, the rate of decline in the force increases gradually. Sapphire is a typically hard brittle material, and the load of elastic-plastic transformation is very small. The load of pop-in is from 0.5 mN to 2 mN (see Figure 3) . That is to say that the process is a completely brittle fracture process. The energy is mainly consumed by the crack propagation, and the energy that is consumed by the plastic deformation is very small. So, we think that the decrease of force is mainly due to the crack propagation. The rate of crack growth gradually increases with an increasing indentation depth. and the residual stress plays a leading role in the formation of lateral cracks. In the inset, the force decreases only slightly during the dwell period at the first loading, which indicates that the initially formed crack extends very little over this period. During subsequent loading, the force initially continues to decrease slowly, but, with an increasing indentation depth, the rate of decline in the force increases gradually. Sapphire is a typically hard brittle material, and the load of elastic-plastic transformation is very small. The load of pop-in is from 0.5 mN to 2 mN (see Figure 3) . That is to say that the process is a completely brittle fracture process. The energy is mainly consumed by the crack propagation, and the energy that is consumed by the plastic deformation is very small. So, we think that the decrease of force is mainly due to the crack propagation. The rate of crack growth gradually increases with an increasing indentation depth. Figure 5 shows the rate at which the applied force declines during each dwell period of the loading stage corresponding to a series of indentation depths for (a) A-plane and (b) C-plane sapphire specimens. In this study, sequential loading-unloading indentation testing was conducted twice for each maximum indentation depth of 0 μm to 2 μm, 0 μm to 4 μm, 0 μm to 6 μm, and 0 μm to 8 μm. Therefore, eight data points were obtained for loading from 0 μm to 2 μm, six data points from 2 μm to 4 μm, four data points from 4 μm to 6 μm, and two data points from 6 μm to 8 μm, and the averages and standard deviations of the slope of the force measured at each dwell period were obtained. From Figure 5a , we see that the slope of the force decreases (i.e., the rate of decline increases) in a nearly monotonic fashion with increasing indentation depth for A-plane sapphire. However, this trend is not nearly as uniform for C-plane sapphire. Figure 5 shows the rate at which the applied force declines during each dwell period of the loading stage corresponding to a series of indentation depths for (a) A-plane and (b) C-plane sapphire specimens. In this study, sequential loading-unloading indentation testing was conducted twice for each maximum indentation depth of 0 µm to 2 µm, 0 µm to 4 µm, 0 µm to 6 µm, and 0 µm to 8 µm. Therefore, eight data points were obtained for loading from 0 µm to 2 µm, six data points from 2 µm to 4 µm, four data points from 4 µm to 6 µm, and two data points from 6 µm to 8 µm, and the averages and standard deviations of the slope of the force measured at each dwell period were obtained. From Figure 5a , we see that the slope of the force decreases (i.e., the rate of decline increases) in a nearly monotonic fashion with increasing indentation depth for A-plane sapphire. However, this trend is not nearly as uniform for C-plane sapphire. and the residual stress plays a leading role in the formation of lateral cracks. In the inset, the force decreases only slightly during the dwell period at the first loading, which indicates that the initially formed crack extends very little over this period. During subsequent loading, the force initially continues to decrease slowly, but, with an increasing indentation depth, the rate of decline in the force increases gradually. Sapphire is a typically hard brittle material, and the load of elastic-plastic transformation is very small. The load of pop-in is from 0.5 mN to 2 mN (see Figure 3) . That is to say that the process is a completely brittle fracture process. The energy is mainly consumed by the crack propagation, and the energy that is consumed by the plastic deformation is very small. So, we think that the decrease of force is mainly due to the crack propagation. The rate of crack growth gradually increases with an increasing indentation depth. Figure 5 shows the rate at which the applied force declines during each dwell period of the loading stage corresponding to a series of indentation depths for (a) A-plane and (b) C-plane sapphire specimens. In this study, sequential loading-unloading indentation testing was conducted twice for each maximum indentation depth of 0 μm to 2 μm, 0 μm to 4 μm, 0 μm to 6 μm, and 0 μm to 8 μm. Therefore, eight data points were obtained for loading from 0 μm to 2 μm, six data points from 2 μm to 4 μm, four data points from 4 μm to 6 μm, and two data points from 6 μm to 8 μm, and the averages and standard deviations of the slope of the force measured at each dwell period were obtained. From Figure 5a , we see that the slope of the force decreases (i.e., the rate of decline increases) in a nearly monotonic fashion with increasing indentation depth for A-plane sapphire. However, this trend is not nearly as uniform for C-plane sapphire. Figure 6 shows typical load-depth curves at different maximum indentation depths for A-plane and C-plane sapphire. It is obvious that the loading-unloading curves exhibit very similar characteristics, and that the curves of the loading stages are nearly equivalent. However, the slopes of the unloading curves differ considerably for C-plane sapphire, and the slopes of the indentation curves for the loading stage coincide considerably better for C-plane sapphire than for A-plane sapphire.
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6 of 13 Figure 6 shows typical load-depth curves at different maximum indentation depths for A-plane and C-plane sapphire. It is obvious that the loading-unloading curves exhibit very similar characteristics, and that the curves of the loading stages are nearly equivalent. However, the slopes of the unloading curves differ considerably for C-plane sapphire, and the slopes of the indentation curves for the loading stage coincide considerably better for C-plane sapphire than for A-plane sapphire. 
Analysis of Indentation Fracture Morphology
SEM images of the A-plane and C-plane sapphire surfaces after indentation testing are shown in Figures 7 and 8 , respectively, with (a) 2 μm, (b) 4 μm, (c) 6 μm, and (d) 8 μm depth indentations. It is obvious that the length of cracks and the area of the indentation correspondingly increase with an increasing indentation depth. The SEM images given in Figures 7 and 8 show that that pile-up for the C-plane sapphire is more obvious than that for the A-plane sapphire. The cracks extend away from the center of the indentation. 6 of 13 Figure 6 shows typical load-depth curves at different maximum indentation depths for A-plane and C-plane sapphire. It is obvious that the loading-unloading curves exhibit very similar characteristics, and that the curves of the loading stages are nearly equivalent. However, the slopes of the unloading curves differ considerably for C-plane sapphire, and the slopes of the indentation curves for the loading stage coincide considerably better for C-plane sapphire than for A-plane sapphire. 
SEM images of the A-plane and C-plane sapphire surfaces after indentation testing are shown in Figures 7 and 8 , respectively, with (a) 2 μm, (b) 4 μm, (c) 6 μm, and (d) 8 μm depth indentations. It is obvious that the length of cracks and the area of the indentation correspondingly increase with an increasing indentation depth. The SEM images given in Figures 7 and 8 show that that pile-up for the C-plane sapphire is more obvious than that for the A-plane sapphire. The cracks extend away from the center of the indentation. For the A-plane sapphire, Figure 7a shows that cracks occur at an indentation depth of 2 μm. Figure 7d shows that the sapphire spalls at an indentation depth of 8 μm. Sequential indentation on A-plane sapphire reveals four distinct surface features, as illustrated in Figure 9 . At a 2-μm depth indentation, some linear traces that are oriented perpendicular to the c-axis are observed, and the number of features gradually increases with increasing indentation depth. Some of the linear traces result in the fractures visible in Figure 7e at an 8-μm depth indentation. The traces observed are all straight, although wavy traces were observed for the static indentation results presented by Haney [16, 18] . The orientations of these traces are consistent with earlier findings from Chan and Lawn, Nowak and Sakai, as well as Kim and Kim who all identified these features as basal twins [16] . A second set of cracks are oriented at 51.8° to the c-axis. This is consistent with the intersection of the R-plane and the A-plane, which is also consistent with the findings of Haney [16] and Kim [24] . A third set of cracks are oriented at 147.6° to the c-axis or 57.6° relative to the m-axis. These cracks coincide with the R-plane, which is perpendicular to the A-plane of the sample. A crack is also observed along the c-axis, but it is asymmetrical. As we know, the cracks occur at the position where the stress first reaches to the strength limit. The propagation of cracks follows the equilibrium theory. For the left side of the indentation, a crack propagated along the R-plane. But, the length of crack on the right side is not equal to the left. At the right corner of the indentation, the crack occurs due to the concentrate on the stress and reaching to the strength limit. In brittle materials, radial cracks typically initiate near the edges of the Vickers indenter tips where the highest stress concentrations occur. However, the first three sets of cracks on A-plane sapphire are not located exactly on the corners of the residual indentation impression due to the local crystallography of the sample. This would indicate that the energy that is required to propagate cracks along these preferential directions is less than that required to produce radial cracks, even with stress concentrations at the indenter corners [16] . The fourth set of cracks is generated from the right-hand corner of the indentation. The material piles up, and small plastic deformations are formed around the residual indentation impression on the A-plane. The cracks around the indentation exhibit no regularity. For convenience, we define the first set of crack directions as M1, the second set of crack directions as R2, the third set of crack directions as R1, and the fourth set of crack directions as C1 for A-plane sapphire. For the A-plane sapphire, Figure 7a shows that cracks occur at an indentation depth of 2 µm. Figure 7d shows that the sapphire spalls at an indentation depth of 8 µm. Sequential indentation on A-plane sapphire reveals four distinct surface features, as illustrated in Figure 9 . At a 2-µm depth indentation, some linear traces that are oriented perpendicular to the c-axis are observed, and the number of features gradually increases with increasing indentation depth. Some of the linear traces result in the fractures visible in Figure 7e at an 8-µm depth indentation. The traces observed are all straight, although wavy traces were observed for the static indentation results presented by Haney [16, 18] . The orientations of these traces are consistent with earlier findings from Chan and Lawn, Nowak and Sakai, as well as Kim and Kim who all identified these features as basal twins [16] . A second set of cracks are oriented at 51.8 • to the c-axis. This is consistent with the intersection of the R-plane and the A-plane, which is also consistent with the findings of Haney [16] and Kim [24] . A third set of cracks are oriented at 147.6 • to the c-axis or 57.6 • relative to the m-axis. These cracks coincide with the R-plane, which is perpendicular to the A-plane of the sample. A crack is also observed along the c-axis, but it is asymmetrical. As we know, the cracks occur at the position where the stress first reaches to the strength limit. The propagation of cracks follows the equilibrium theory. For the left side of the indentation, a crack propagated along the R-plane. But, the length of crack on the right side is not equal to the left. At the right corner of the indentation, the crack occurs due to the concentrate on the stress and reaching to the strength limit. In brittle materials, radial cracks typically initiate near the edges of the Vickers indenter tips where the highest stress concentrations occur. However, the first three sets of cracks on A-plane sapphire are not located exactly on the corners of the residual indentation impression due to the local crystallography of the sample. This would indicate that the energy that is required to propagate cracks along these preferential directions is less than that required to produce radial cracks, even with stress concentrations at the indenter corners [16] . The fourth set of cracks is generated from the right-hand corner of the indentation. The material piles up, and small plastic deformations are formed around the residual indentation impression on the A-plane. The cracks around the indentation exhibit no regularity. For convenience, we define the first set of crack directions as M1, the second set of crack directions as R2, the third set of crack directions as R1, and the fourth set of crack directions as C1 for A-plane sapphire. Similar to A-plane sapphire, the area of the indentation on C-plane sapphire also increases correspondingly with increasing indentation depth. The cracks extend away from the center of the indentation. Figure 8a shows that cracks occur at an indentation depth of 2 μm. The pile-up of material and small plastic deformations can be seen clearly around the residual indentation impression. Two types of cracks appear to be visible on the surface around these indentation sites: (i) radial cracks and (ii) circumferential cracks. In contrast to A-plane sapphire, the radial cracks on the C-plane are located exactly on the corners of the residual indentation impression. However, the direction of crack propagation changes slightly, which is not similar to the behaviour that is seen in polycrystalline alumina. This is because single-crystal sapphire has a hexagonal structure. Linear surface traces are not observed around the residual indentation impression. Cracks perpendicular to the indentation edge are observed with an increasing indentation depth.
The length of the radial cracks was also obtained from the SEM images. It should be noted that the method employed here to measure the crack length is slightly different from conventional practice. In the case of indentation on A-plane sapphire, cracks do not appear at the corners, but rather initiate preferentially along specific crystallographic planes. A crack length 2c is herein defined as the distance between two opposing crack tips oriented along the same crystallographic plane [16] .
The fracture toughness (KIC) can be obtained according to the equation:
where F is the load, H and E are the hardness and elastic modulus of sapphire, respectively, α is a proportionality constant related to the indenter geometry (0.016 for a Vickers indenter [25] ), and Cm is a mean value that is obtained by averaging the lengths of the radial cracks. According to the study results from Mao et al. [2] , hardness of C-plane sapphire obviously exhibits the indentation size effect (ISE), and the hardness is larger at the ISE region than that at the non-ISE region. The ISE region is to 60 nm. In this study, the hardness we measured is out of the region. The results of hardness and modulus of elasticity see in Section 3.1. The lengths of the cracks extending from the corners of the residual indentation impression for C-plane sapphire exhibit no obvious differences. We hold that the values of KIC along the four directions are equivalent, and the value is determined to be 1.63 MN/m 1.5 from Equation (1) . The values of KIC for the various crack directions of A-plane and C-plane sapphire are given in Figure 10 . These values are smaller than those that are obtained from Graça [4] , Newcomb [26] , and Wunderlich [27] . Because the dwell period employed was 10 s, the crack has sufficient time to propagate, and relieve the stress. For A-plane sapphire, the value of KIC for M1 is the largest, corresponding to the smallest crack length. Similar to A-plane sapphire, the area of the indentation on C-plane sapphire also increases correspondingly with increasing indentation depth. The cracks extend away from the center of the indentation. Figure 8a shows that cracks occur at an indentation depth of 2 µm. The pile-up of material and small plastic deformations can be seen clearly around the residual indentation impression. Two types of cracks appear to be visible on the surface around these indentation sites: (i) radial cracks and (ii) circumferential cracks. In contrast to A-plane sapphire, the radial cracks on the C-plane are located exactly on the corners of the residual indentation impression. However, the direction of crack propagation changes slightly, which is not similar to the behaviour that is seen in polycrystalline alumina. This is because single-crystal sapphire has a hexagonal structure. Linear surface traces are not observed around the residual indentation impression. Cracks perpendicular to the indentation edge are observed with an increasing indentation depth.
The fracture toughness (K IC ) can be obtained according to the equation:
where F is the load, H and E are the hardness and elastic modulus of sapphire, respectively, α is a proportionality constant related to the indenter geometry (0.016 for a Vickers indenter [25] ), and C m is a mean value that is obtained by averaging the lengths of the radial cracks. According to the study results from Mao et al. [2] , hardness of C-plane sapphire obviously exhibits the indentation size effect (ISE), and the hardness is larger at the ISE region than that at the non-ISE region. The ISE region is to 60 nm. In this study, the hardness we measured is out of the region. The results of hardness and modulus of elasticity see in Section 3.1. The lengths of the cracks extending from the corners of the residual indentation impression for C-plane sapphire exhibit no obvious differences. We hold that the values of K IC along the four directions are equivalent, and the value is determined to be 1.63 MN/m 1.5 from Equation (1) . The values of K IC for the various crack directions of A-plane and C-plane sapphire are given in Figure 10 . These values are smaller than those that are obtained from Graça [4] , Newcomb [26] , and Wunderlich [27] . Because the dwell period employed was 10 s, the crack has sufficient time to propagate, and relieve the stress. For A-plane sapphire, the value of K IC for M1 is the largest, corresponding to the smallest crack length. 
Three-Dimensional Morphology Analysis
The 3D optical profiler parameters that are employed for measuring the 3D morphology are listed in Table 2 . Figure 11 presents the 3D morphology obtained for A-plane and C-plane sapphire tested by sequential indentation after unloading. The 2 μm indicates that the maximun loading depth is 2 μm, respectively. The residual depth was obtained by measuring the cross-sectional profiles, and the cross-sectional profiles are shown at the position of the lines shown in Figure 11 . Since sapphire is a kind of brittle material, the residual depth of indentation is smaller than the loading depth. The experiment is conducted at the micron scale, and our purpose is to test the fracture characteristics of materials at the micron scale. The last data of unloading process in Figure 6 is affected by the instrument accuracy. So, the residual depth using the 3D profiler is measured once again. The accuracy of 3D profile is 0.1 nm. These measurements are not affected by the pile-up. The residual depth is the distance from the lowest position of the indentation to material surface and the height of pile-up is not considered. Because the pile-up may be affected by the lateral cracks under the surface. The results are given in Figure 12 . 
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The 3D optical profiler parameters that are employed for measuring the 3D morphology are listed in Table 2 . Figure 11 presents the 3D morphology obtained for A-plane and C-plane sapphire tested by sequential indentation after unloading. The 2 μm indicates that the maximun loading depth is 2 μm, respectively. The residual depth was obtained by measuring the cross-sectional profiles, and the cross-sectional profiles are shown at the position of the lines shown in Figure 11 . Since sapphire is a kind of brittle material, the residual depth of indentation is smaller than the loading depth. The experiment is conducted at the micron scale, and our purpose is to test the fracture characteristics of materials at the micron scale. The last data of unloading process in Figure 6 is affected by the instrument accuracy. So, the residual depth using the 3D profiler is measured once again. The accuracy of 3D profile is 0.1 nm. These measurements are not affected by the pile-up. The residual depth is the distance from the lowest position of the indentation to material surface and the height of pile-up is not considered. Because the pile-up may be affected by the lateral cracks under the surface. The results are given in Figure 12 . The residual depths of A-plane and C-plane sapphire indentations increase with an increasing indentation depth. The residual depth of the A-plane is greater than that of the C-plane. It may be that the value of H for A-plane sapphire is greater than that of the C-plane. The larger plastic deformation means that the indentation processing is in the plastic stage, but in fact, the experimental is almost in the brittle stage. The A-plane occurs more cracks than C-plane. The energy is consumed during crack propagation, and the stress is released. So, the residual depth for A-plane is larger than the C-plane. Moreover, the size of the affected area and the degree of pile-up of the material increases with increasing indentation depth. The range of pile-up corresponds to the position to which the radial cracks are extended. The pile-up begins from the edge of the indentation, and the height of the pile-up reduces along the direction away from the center of the indentation. Marshall et al. [28] proposed that the composite field at maximum load is the superposition of two components: elastic and residual stress. According to the fracture theory of ideal brittle materials, the median/radial crack system is driven by the principal stress, and the lateral crack system is driven by the residual stress. In the unloading process, the residual field becomes dominant, the residual stress relaxes, and lateral cracks formed at the elastic-plastic boundary of the sample expand. With increasing indentation depth, the position of lateral crack initiation will become deeper with respect to the surface, and the area of the pile-up will increase as well as the length of the lateral cracks. For C-plane sapphire, the pile-up occurs between the four radial cracks that divide the pile-up into four sections. However, for A-plane sapphire, the pile-up only occurs between the cracks along the c-axis, and the area between the cracks along the m-axis is not changed. This tendency is believed to be encouraged by prism slip mechanisms, which have the highest shear stress concentrations in the area oriented along the m-axis in accordance with the model proposed by Tymiak and Gerberich [29] .
Subsurface Damage Analysis by TEM
The thickness of the two TEM specimen is about 38.54 nm. Figure 12 The residual depths of A-plane and C-plane sapphire indentations increase with an increasing indentation depth. The residual depth of the A-plane is greater than that of the C-plane. It may be that the value of H for A-plane sapphire is greater than that of the C-plane. The larger plastic deformation means that the indentation processing is in the plastic stage, but in fact, the experimental is almost in the brittle stage. The A-plane occurs more cracks than C-plane. The energy is consumed during crack propagation, and the stress is released. So, the residual depth for A-plane is larger than the C-plane. Moreover, the size of the affected area and the degree of pile-up of the material increases with increasing indentation depth. The range of pile-up corresponds to the position to which the radial cracks are extended. The pile-up begins from the edge of the indentation, and the height of the pile-up reduces along the direction away from the center of the indentation. Marshall et al. [28] proposed that the composite field at maximum load is the superposition of two components: elastic and residual stress. According to the fracture theory of ideal brittle materials, the median/radial crack system is driven by the principal stress, and the lateral crack system is driven by the residual stress. In the unloading process, the residual field becomes dominant, the residual stress relaxes, and lateral cracks formed at the elastic-plastic boundary of the sample expand. With increasing indentation depth, the position of lateral crack initiation will become deeper with respect to the surface, and the area of the pile-up will increase as well as the length of the lateral cracks. For C-plane sapphire, the pile-up occurs between the four radial cracks that divide the pile-up into four sections. However, for A-plane sapphire, the pile-up only occurs between the cracks along the c-axis, and the area between the cracks along the m-axis is not changed. This tendency is believed to be encouraged by prism slip mechanisms, which have the highest shear stress concentrations in the area oriented along the m-axis in accordance with the model proposed by Tymiak and Gerberich [29] .
The thickness of the two TEM specimen is about 38.54 nm. Figure 12 shows a TEM cross-sectional image containing two indentations, (a) in the A-plane (1120) imaged down (1100) and (b) in the C-plane (0001) imaged down (1120). The TEM image reveals the existence of a plastic deformation zone. The plastic deformation zone forms under the indenter due to hydrostatic pressure. The dominating deformation modes were observed to be basal twinning on (0001) perpendicular to the indentation surface and dislocations gliding on the non-basal slip planes (Figure 13a) . Two zones may be identified at the cross-sectional image, namely (i) the center of image consisting of obvious cracks, and (ii) the two sides of the center cracks consisting of basal twinning, a very high density of dislocations, and small lateral cracks. This angle of the center cracks corresponds to the crystallographic intersection of the R-plane [1102] with the M-plane (1100). In the center of the indentation, cracks form along the slip systems. But, it does not provide a rationale for the appearance of this twinning trace over other possible rhombohedral twinning systems [16] .
Most recently, Subhash [18] provided a comprehensive description of basal and rhombohedral crack plane interactions, and the experiment was conducted by sequential Vickers indentations on A-plane sapphire. Tymiak and Gerberich's Modeling [29] , which yielded a resolved shear stress (RSS) distribution map for all of the known slip and twinning systems, provides a good correlation with previous experimental activated by indentation at room temperature. As with the prismatic surface, the main deformation modes observed were basal twinning C-plane (0001) and dislocation R-plane [1102] , see in Figure 13b . The formation of a twin at compression along the C-axis shows shear along the rhombohedronal R-plane [3] . The maximum stress is just below the indentation, R-plane slip dominates the plastic deformation. Cracks could be observed along the R-plane due to the slip system. The slip along one rhombohedronal R-plane does not cause any substantial change in the crystal strength; however, the slip in two crossing rhombohedral planes results in a crack origination in the intersection point [3] . Since the strongest deformation under the indenter occurs on the C-plane (0001) due to slipping over the basal planes parallel to the surface, and the plane of the easiest slip is also C-plane (0001), with basal slip predominating in the direction (1120) [3] , the C-plane (0001) twinning could only be seen on both sides of the bottom for this specimen. . The TEM image reveals the existence of a plastic deformation zone. The plastic deformation zone forms under the indenter due to hydrostatic pressure. The dominating deformation modes were observed to be basal twinning on (0001) perpendicular to the indentation surface and dislocations gliding on the non-basal slip planes (Figure 13a) . Two zones may be identified at the cross-sectional image, namely (i) the center of image consisting of obvious cracks, and (ii) the two sides of the center cracks consisting of basal twinning, a very high density of dislocations, and small lateral cracks. This angle of the center cracks corresponds to the crystallographic intersection of the R-plane [11 _ 02] with the M-plane (11 _ 00). In the center of the indentation, cracks form along the slip systems. But, it does not provide a rationale for the appearance of this twinning trace over other possible rhombohedral twinning systems [16] .
Most recently, Subhash [18] provided a comprehensive description of basal and rhombohedral crack plane interactions, and the experiment was conducted by sequential Vickers indentations on A-plane sapphire. Tymiak and Gerberich's Modeling [29] , which yielded a resolved shear stress (RSS) distribution map for all of the known slip and twinning systems, provides a good correlation with previous experimental activated by indentation at room temperature. As with the prismatic surface, the main deformation modes observed were basal twinning C-plane (0001) and dislocation R-plane [11 _ 02], see in Figure 13b . The formation of a twin at compression along the C-axis shows shear along the rhombohedronal R-plane [3] . The maximum stress is just below the indentation, R-plane slip dominates the plastic deformation. Cracks could be observed along the R-plane due to the slip system. The slip along one rhombohedronal R-plane does not cause any substantial change in the crystal strength; however, the slip in two crossing rhombohedral planes results in a crack origination in the intersection point [3] . Since the strongest deformation under the indenter occurs on the C-plane (0001) due to slipping over the basal planes parallel to the surface, and the plane of the easiest slip is also C-plane (0001), with basal slip predominating in the direction (112 _ 0) [3] , the C-plane (0001) twinning could only be seen on both sides of the bottom for this specimen. 
Conclusions
Sequential indentation tests were performed on A-plane and C-plane sapphire with a Vickers indenter to determine the effect of crystallography on crack propagation. The following conclusions were obtained.
1. The rate of crack propagation on A-plane sapphire was affected by the depth of indentation, which exhibited an obvious regularity. However, the effect of the depth of indentation on crack propagation was not nearly as uniform for C-plane sapphire. 
1.
The rate of crack propagation on A-plane sapphire was affected by the depth of indentation, which exhibited an obvious regularity. However, the effect of the depth of indentation on crack propagation was not nearly as uniform for C-plane sapphire.
2.
Different crack systems were indicated for A-plane and C-plane sapphire. Four different crack systems were exhibited by A-plane sapphire. The fracture toughness values of A-plane and C-plane sapphire that were obtained here were smaller than those obtained in previous studies.
3.
The pile-up of material was observed around the indentations on the A-plane and C-plane faces. For A-plane sapphire, the area of pile-up occurred along the c-axis due to the mechanical anisotropy of sapphire.
4.
Cross-sectional TEM shows that the domination deformation in the sapphire of A-plane and C-plane was both non-basal dislocation and basal twin.
Through the research, the fracture process of sapphire in brittle stage is clearer, and the findings in this study have guiding significance for the precision and ultra precision machining of sapphire.
